Obviously the galactose rings on the surface of the bilayers produce much larger paracrystalline distortions than the methyl-end-groups in paraffins but much smaller ones than the backfolds in mats of polyethylene single crystals. Consequently 4 to 7 lamellae can be found in each MPC. The galactose rings are the cause of larger lateral distances between the paraffin-like chains and generate distortions cor responding to a g-value of ~2.6% in the mPC's. This is explained by the high degree of con formational variety that the chains adopt which is larger than in synthetic polyethylene. This would further explain why all our attempts to obtain better crystallinity failed.
I. Introduction
In recent years there have been an increasing number of investigations dealing with the analysis of biological membranes and their lipid model sys tems by X-ray diffraction m ethods1-9. In the present paper we wish to extend these studies to the case of beef brain cerebrosides which are one of the main components of specific tissues 10 and frequent ly related to antigenic propertiesn . Cerebrosides are a special type of glycosphingolipids with a lipo philic-component (ceramide, which is a long-chain fatty acid attached through an amide-linkage to a molecule of sphingosine -a long-chain base) and a carbohydrate residue (galactose) 12. Their chemi cal constitution is illustrated in Fig. 1 . The length of the long-chain fatty acid in beef as well as in human brain cerebrosides may vary between 14 and 27 carbon atoms 13,14. Studies of physical (optical and electrical) properties of bilayers of natural cere brosides relating to the crystal-liquid crystal transi tions have been recently reported15. X-ray dif fraction studies of cerebrosides are, however, limited so far to the analysis of long spacings of crystalline phases and thermotropic and acqueous mesophases for natural samples with only one paraf fin-like chain16 and synthetic products17 which have two such chains, but of equal length. In the present work we report on X-ray diffrac tion study of dry phrenosine. Phrenosine is the cerebroside with a fatty acid chain having 24 carbon atoms and a sphingosine having 18 carbon atoms. Phrenosine is, in fact, the major component (about 30%) of the acid in the natural samples 13,14. The main feature of our samples was their purity which was 95%. The purpose of this paper is to analyse the X-ray small angle (SAXS) and wide angle (WAXS) patterns of the unoriented material at 23 °C and 66 °C. Sample preparation and X-ray techniques are described in section II. SAXS at 23 °C of structure I and II can be found in sec tion III and IV and at 66 °C in section V. From this one obtains direct information of the size of the lamellae bundles (MPC's), the thickness and pack ing arrangement of the lamellae which are bilayers of parallel aligned molecules. In section VI the pro jection of the electron density is calculated by Fourier-methods from one double molecule of a bilayer to the lamella normal of structure II and III. From WAXS data one obtains direct informa tion on the molecular arrangement in these struc tures (section V II). In the last section we discuss the size and the distortions of the molecular lattice. It consists of 40 to 100 Ä large microparacrystals (mPC's) which aggregate to the lamellae bundles (MPC's ) .
II. Experimental
Phrenosine was prepared from beef brain by Martin-Lomas and Chapman 12 after the method of Carter et al. 18 . By gas chromatographic analysis it was found that the sugar moiety is 100% galactose, the fatty acid residue corresponds in 95% to 2-hydroxy-n-tetracosanoic acid and the sphingosine re sidue at least 93% as indicated in Fig. 1 . All at tempts to obtain large enough crystals to get X-ray single crystal patterns or only partially oriented samples were without success. The X-ray pattern always consisted of Debye-rings. The sample re mains in a non-crstalline state which has been described by the paracrystalline theory 19.
The powder samples were placed in Mark-capillaries of 1 mm diameter. SAXS patterns were pro duced from a Kiessig-camera with pinhole collimat ing and sample to film distances 182 mm or 382 mm. A Rigaku-Denki (5kW ) rotating anode X-ray generator was used to produce Cu Ka radia tion. The first order SAXS reflections needed an exposure of 2 hours and the higher order 120 hours (Fig. 2) . WAXS patterns were obtained in a Guinier-Jagodzinski camera of AEG-Telefunken which was calibrated with a CaW 04 standard sample with crystallites larger than the resolution of the camera (1500 Ä) and provided with a special sample holder for constant elevated temperatures of ± 1 °C constancy (built in our laboratory). Micro densitometer tracings of the SAXS and WAXS films were done with Joyce-Loebl equipment. Line profile analysis was performed after elimination of the col- limation error resolving the curves with a Du Pont 310 curve resolver. This was done for the SAXS by deconvolving the experimental profile with that of the primary beam. The WAXS line width is in fluenced by the geometry of the camera, sample thickness, absorption and the monochromator quali ty. A correction was made by deconvolving with a reflection from the CaW 04 standard sample placed close to the sample. Then CaW04 powder was dis persed in atactic polystyrene in such a quantity and thickness that the absorption was the same as that of the sample. Finally the cos $ correction was ap plied to discuss the intensities as functions of b = 2 sin d'fl.
III. SAXS at 23 °C of Structure I
In Fig. 2 a SAXS pattern is shown (exposure time 120 h), where the inner two Debye-rings are strongly overexposed. The miorophotometer curve which leads to the intensity / (b ) must be multiplied by b2 to eliminate for the effects of disorientation (Lorentz-factor). In Fig. 3 the b21(b) -integral intensities of the SAXS reflections are plotted after elimination of the diffuse background. The thick ness of the bars gives the experimental errors. The dashed reflections n = 8 and 9 are obtained from WAXS.
Two groups of SAXS-reflections exist. One con taining three very diffuse and weak reflections with i s a basic period of ~6 5 Ä (structure I) and one with nine relatively sharp reflections (structure II) and a lattice constant of 49 Ä for /i> 2, whereas the re flection n = 1 and 2 iare somewhat shifted from their ideal positions to smaller 6n-values.
Structure I : The appearance of only 3 orders of reflections of the superlattice with a 65 Ä periodicity P and their diffuse shape indicates that large distor tions must exist int his lamellar bundles. As shown below, the lamellae are not packed together with full crystalline order. We have therefore called the bundles macroparacrystallites (MPC's ) . The paracrystalline distortions can be calculated as follows:
The integral widths db of the reflections is plot ted against the square of the order n (n = bn P ) of the reflections (Fig. 4 ) . They lie on straight lines in structure II and obey the following rule from Hosemann and Bagchi19.
where P is the macrolattice periodicity orthogonal to the lamellae and D is the mean size of the stacks of lamellae in the same direction. The paracrystalline distortion g of this macrolattice (MPC) is de fined by the relative fluctuation of the lamellae distances P (from centre to centre)
(2) This means that the lamellae are not periodically separated with a constant distance P. In structure I the measured (56-values have large error bars as shown in Fig. 4.1 .
One obtains as a mean value between the two possible extreme straight lines and a mean error with the help of Eqn (1) . . . P = ( 6 5 ± 4) Ä; 1 J N = DJP ~ 4 lamellae.
IV. SAXS at 23 °C of Structure II
As mentioned above the experimentally found 6exp-values of the SAXS reflections of structure II are periodic only for n ^ 3. They can be explained by a lattice constant 1/6C = 49Ä . The deviations from the 6exp are collected in Table I .
The displacement of the first two reflections from the ideal positions bc can be explained by a so cal led "bimodal distance statistic" of the lamellae. This means that two different thicknesses of lamel- lae exist and the corresponding two types of lamel lae are statistically mixed within the bundle 20. Let ct be the statistical frequency of lamellae of the larger periodicity (c + (5) and (1 -a) that of lamellae with c then the mean periodicity P is given by (Table I ). As mentioned above for c = 49 Ä all reflections n > 3 lie within the error of experiment in the right posi tion (see Table I ). The reflections n = 1 and n = 2 lie at too small angles, hence correspond to thicker lamellae. Since their influence disappears at n = 3, we learn from structure I and from Eqns (5), (6), and (7) 
From the position of the reflections n = 1 and 2 one obtains with the help of Eqn (9) the two unknown quantities a and k, namely a = 0.26; k = 0.22.
Hence, the second component has lamellae with a periodicity c + I = 4 9 Ä ( l + A ;) = (6 0 ± 2 )A (12) which agrees within the experimental errors with the value P of structure I in Eqn (3). The mean lamel lar periodicity P of structure II is given by Eqn (4) and leads with the help of Eqn (11) to
In structure II a = 26% lamellae of structure I are statistically mixed with lamellae of 49 A periodicity. The value ^ = 4.2% of structure I [Eqn (3)] nicely agrees with the fact that in structure II the reflec tions n 3 are no more influenced by the thicker lamellae, because the maximum number of reflec tions is given by ~15/^(% ) according to the theory of paracrystals.
In Fig. 3 two positions of reflection are plotted on the bottom: Firstly of the 49 Ä lattice, which agrees with all reflections n ^ 3, and secondly the bimodal positions calculated from Eqn (9) with the values of Eqn (11) .
The d b -b 2 diagram of structure II in Fig. 4 gives at the intersection with the ordinate according to Eqn (1) the value of the mean thickness D of the lamellae bundles. The average of P 2 of the bundle is given by
and herefrom one obtains for the ^-value of the MPC, mixed of two different lamellae types, ac cording to Eqn (2 ): (14) --(l-a)$r02 + « ( l +k)2gö2 averaged over all orientations. From Eqns (15) and (3) we learned that the extension of the MPC's orthogonal to the lamellae is 290 Ä (structure II) and 230 Ä (structure I). Herefrom one finds out that the lateral dimension of structure II must be somewhat smaller than 248 Ä and that of structure I somewhat larger. The radius of gyration A of an uniaxial ellipsoid with the chief diameters D, B, B is given by \ 2 ( 4 - (16) Herefrom one obtains the mean lateral size of the bundle of lamellae J224 (structure II) [256 (structure I ).
The other Gaussian component of Fig. 5 indicates the existence of small units, the so called mPC's with a mean diameter of 95 Ä, which build up the MPC's. Their sizes can be obtained also in more details from WAXS (see Table VI ).
V. SAXS at 66 °C of Structure I II (Table  I I ) . This structure III is obviously related to the 49 Ä-component in the bimodal structure II discus sed later.
In Fig. 4 .Ill the d b -b 2 diagram of structure III is plotted. In curve (A) the sample was heated at 66 °C for 12 hours before making the exposure. In curve (B) the sample was heated additionally for 120 hours. The smaller slope of (B) indicates a decrease of the ^-values of the MPC's by annealing which can be explained by a slow removing of de fects from the MPC's. The result is 
VI. Electron Density Projection of Structure II and III
We now calculate the projection of the electron density distribution o(z) on the lamellae normal using the SAXS integral intensities. We begin with 
He adjusted the signs until £>(a;) was constant as well as possible in the region of the hydrocarbon chains.
Using the concept of convolution integrals 19 one can go a more direct way because b~I(b) is the product of the squared Fourier-transform of one lamella with the lattice factor of the MPC. Since phrenosine has a larger electron density in the galactose rings together with the sphingosine part including the double bonded carbon atoms and the amide-linkage together with adjacent oxygens The size L and the distance P -L between neigh boured step functions proves directly that head to head and tail to tail packing occurs (Figs 9 and 10). Herefrom one learns that the structure ampli-
Sin 7 1 L bn 1 . tude b VI(bn) = -------------at 7i = 1 and 2 (con st bn tinuous curve in Fig. 6 ) is positive and of n = 3 and 4 negative. Since its length L corresponds to two adjacent heads obviously an electron density gap must exist between the two heads. This can be generated by the reflections 5 to 10 which are only partially explained by the above mentioned shape function. The next intention is to avoid unnessary ripples produced by these reflections. Therefore we assigned to the reflections 5 to 10 of this group all the same phases. It now produces a highly damped cosine-wave. To decide the phase of this group we must ensure that a gap is generated in the middle of the L = 21Ä step function. This hence determines the signs of all the phases by placing its extreme negative value into the centre of the L-step. From Fig. 7 one learns that it is deeper for structure II at 23 °C. This may be caused by the fact that here often heads of the 45 Ä and 65 Ä lamellae touch each other which have different shapes (Figs 9 and 10 ). Moreover two small minima near the centre of the bilayer indicate the gaps between the endgroups of the two different long paraffin chains (see Fig. 1 ). Their distance of about 10 Ä corresponds fairly well with the distance of the gaps between adjacent pairs of tails.
On the right hand side of 
V II. W AXS at 23 °C and 66 °C
The WAXS pattem obtained at 23 °C till down to the SAXS reflections n = 6, 7, 8 and 9 is drawn in Fig. 8 . At 66 °C the pattern is practically the same, small changes are discussed below. The analy sis of the strongest 6 WAXS reflections between b = 0.2 Ä-1 and 0.35 Ä-1 is unique, if one assumes for simplicity that they have all the same shape. We used a Du Pont 310 curve resolver taking Lorentzian squared profiles. These six reflections cannot be at tributed to one lattice type but only to the super position of reflections of two different lattices. They can be analysed as orthorhombic (0 ) and triclinic Table III and compared with a calculated triclinic and orthorhombic lattice.
The agreement is quite satisfactory. The lattice constants are given in Table IV . The 6-axis in creases with rising temperature in the triclinic and decreases in the orthorhombic structure, where it becomes more hexagonal. The intensities remain unchanged.
It is interesting to note that the triclinic com ponent has nearly the same lattice cell as the paraf fin C20H42 22• The constants a and 6 have slightly changed from a = 4 .9 0 Ä and 6 = 4.20 Ä *. The intensities of the reflections are also quite similar to C20H42 • The orthorhombic modification resembles Cw H2n + 2 (with n ^ 26) 23. Only the volume of the lattice cell is somewhat larger than in these paraffins with a^7 . 4 Ä and b^4 . 9 Ä . This ex plains the large paracrystalline distortions of the mPC's discussed below. The relative intensities are surprisingly similar to those in polyethylene 24. Ob viously the 178 electrons of the heads are so randomly distributed that only two WAXS reflec tions are observable. They are labeled with G in Fig. 8 and Table III . Because these reflections give only a small contribution to the whole intensity, the rest of the diffraction of the heads must be sought in the diffuse background. The whole intensity (Greflections + background) relative to the other reflections is given by the respective number of elec trons, hence 178/282. With the help of this relation ship the background is constructed in Fig. 8 . The integral intensities of the triclinic reflections are in the ratio ~ 60 : 40 to the orthorhombic reflections according to Table V. Now we can attribute both modifications of WAXS to the three strutures discussed from SAXS. From integral SAXS intensities at 23 °C we have calculated that 15% of the chains are in isolated MPC's of structure I (65 Ä thick) and 85% in the bimodal structure II (52 Ä thick). The latter con sists of 26% statistically mixed lamellae ~6 0 Ä thick with 74% lamellae of the 49 Ä component. Table IV differs from subcells used for fatty acid because instead of the 6-axis of (020) This means in the whole sample one has 37% thicker lamellae of ~ 60 Ä and 63% of 49 Ä. This nicely corresponds with the WAXS-values and proves directly that structure I and the thicker lamellae of structure II have orthorhombie subcells whilst the 49 Ä lamellae are triclinic (Table V ) .
* The triclinic subcell of
At 66 °C in SAXS only structure III appears with 51 Ä periodicity. Because the same ratio in WAXS between orthorhombie and triclinic chain packing is observed one must conclude that the chains of isolated structure I and of the ~ 60 Ä component in structure II have tilted to a smaller angle between lamellae surface and chain direction but retained their orthorhombie subcell.
The next interesting finding is that the orthorhombic paraffins Cw H2n + 2 (with even re > 2 6 ) can be found in two different modifications with a tilt angle of 61° and 90° to the lamellae surface25. Since a double molecule of phrenosine has a length of 69 to 74 Ä, depending on the tilt angle of the galactose ring to the chain direction, one obtains for a 61° angle between chain and lamella-surface a lamella-distance of 60 to 64 Ä. Using the calotte model of Fig. 1 one finds that for this 61° angle the galactose rings have no space for tilting the head. Then one comes to a periodicity of P ~ 65 Ä which agrees nicely with the SAXS of structure I [see Eqn (3 ) ]. The corresponding structure is drawn in Fig. 9 .
(201) n e tp la n e P h re n o s in e The netplanes (201) of the orthorhombic 61°-tilted paraffin chains are parallel to the lamellae surfaces. This also holds for the subcells of struc ture I. Another interesting point is that the (301)-netplanes of these paraffin chains have an angle of about 45° to the lamellae surface. This explains how at 66 °C structure I changes over to a part of structure III with a mean 51 Ä periodicity. Now one gets for the periodicity (69 to 7 4 )/j/2 = 49 to 52 Ä.
Since structure III consists of a mixture of those lamellae with triclinic lamellae and a mean P = 51 Ä, the heads of the orthorhombic component ob viously are still practically not tilted to the chain direction because the triclinic component with P = 49 Ä in structure II has strongly tilted heads (Fig. 10 ) and the average of 49 Ä and the highest possible value 52 Ä of the orthorhombic component gives the observed P = 51 Ä. If on the other hand the tilting of the galactose rings of the triclinic component is smaller at 66 °C, then the heads of the component may have some tendency of tilting their heads also because the 45° angle gives more space for tilting than the 60°. The ^(x) curves of Fig. 7 give heads with a width of about 9 Ä, which corresponds more to the tilted galactose rings of Fig. 10 , so perhaps the heads of the ortho rhombic modification tilt also to some degree.
It is interesting to note that the lattice planes of the subcells obviously stabilize the whole structure in spite of the disturbing intermediate sheets of the heads. Their disturbing effects influence mainly the number of lamellae in the MPC. In paraffin with its well-defined methyl-endgroups the bundles are much larger and sometimes crystallographically aligned in such a way as to produce coherent WAXS over 30 or more lamellae 26. In phrenosine the galactose heads disturb this coherency totally and that is why only 4 to 7 lamellae cluster together [Eqns (3) and (18) ].
V III. Size and Distortions of the mPC's
From SAXS studies we had obtained in section III till V the sizes of bundles of lamellae which were called MPC's. They had normal to the lamellae a size of 230 and 290 Ä [Eqns (3) and (18) ] and lateral dimensions somewhat larger resp. smaller [see Eqn (17) ].
Analysing WAXS one obtains direct information about the lateral distances and lateral distance fluc tuations of adjacent molecules and the size of paracrystalline domains, called mPC's, which these mole cules build up. We find these mPC's everywhere in synthetic polymers. To prove their paracrystalline nature one has to analyse the line widths of at least 3 orders of one netplane in db -b2 diagrams analogous Fig. 4 .
Unfortunately there exist only two orders of re flections in the case of (010) for the triclinic sub cells at 23 °C. Applying the db -b2 plot one obtains Z)"io = 45Ä; g 010 = 2.6% (triclinic, 23 °C ). (22) At 66 °C the 020 reflection is overlapped by two other reflections (Table IV) and the g-value of the subcells cannot be calculated. Nevertheless one can calculate the sizes D from only one order of reflec tions using an emperical formula which holds for many noncrystalline materials and combines the »-value with the number N of netplanes in one mPC 27: N =(a'/g)K (23) With the values of Eqn (22) planes. This may be explained by a kind of "premelting" and recrystallization.
Let us now discusses the paracrystalline nature of these small compounds:
Sadler et al. 28 and Dorset 29 explained distortions in single crystals of polyethylene and /i-hexatriacontane by microstresses. It must be pointed out that these samples were grown by evaporation of solution on an uneven polymeric support. The WAXS analysis of free crystallized polyethylene single crystals proves unequivocally the existence of paracrystalline distortions 30, whilst in paraffins no microscresses occur 26. There is no reason for micro stresses because native phrenosine was not groAvn on disturbing supports. The a* relation (23) important for all colloidic systems explains the existence of non-crystallizing microdomains by liquid-like dis tortions whidi especially for structure III are ob vious because the size of the subcells of the ortho rhombic modification is larger than for the cor responding paraffin. Here the chain molecules have many more conformational possibilities than in paraffins.
This variety of conformations does not exist in paraffin molecules because they are short and dis tortions can be extruded by annealing. The lateral sizes of the mPC's are therefore, according to the a*-law [Eqn (23) ] immeasurably large. Moreover their heads consist of methyl-groups and can align in the lamellar structure often with a crystallographic order so that 20 or more lamellae give coherent diffraction effects in the chain direction 26. The galactose rings totally destroy this coherency. The MPC-bundles consist therefore of not more than 7 bilayers. The paracrystalline structure of stacks of single crystals of linear polyethylene on the other hand have some similarities with phreno sine: The chain segments between two backfolds are full of conformational distortions (kinds) and the backfolds give contacts between adjacent lamellae only to a certain degree, but not as good as the galactose rings in phrenosine.
One of us (S. Fernandez-Bermudez) is greatly indebted to the Alexander von Humboldt-Stiftung, Bonn-Bad Godesberg, which generously supported him by a grant.
We thank M. Martin-Lomas from the Instituto de Quimica Organica, Madrid, for preparing the samples and Dr. F. J. Baltä-Calleja, Prof. Dr. W. Kreutz for meliorating the text and Dr. P. Bond for his helpful advice.
